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CONDUCTION  IN  POLYMERIZED  POLYTJNCTIONAL  DIACETYLENES 


ROBERT  P.  GRASSO,  MRINAL  K.  THASUR,  AND  JEROME  B.  LANDO 
Department  of  Kacromolecular  Science,  Case  Westers 
Reserve  University,  Cleveland*  Ohio  44106 

v  ’  (ul 1 

Abstract  The  dimer  of  terlt)  dotUcadiyne  is  representative  of 
a  family  of  diacetylene  monomers  which  can  be  crystallized  and  then 
polymerized  into  semiconducting  polyrers.  These  materials  possess 
sheet-like  structures  containing  parallel  polyacetylene  and  poly¬ 
diacetylene  chains  bridged  by  methylene  units.  Polymeric  forms  of 
these  coupled  diynes  have  also  been  prepared  and  crosspolymerized. 
Structural  studies  of  these  materials  have  been  performed. 

The  dimer  of  1,11  dodecadiyne  was  prepared  in  a  unique  manner 
which  eliminates  the  possibility  of  conrarination  by  oligomeric 
impurities  that  hinder  crystallization.  Microscopic  single  crystals 
of  the  dimer,  obtained  from  hexane  solution,  were  used  in  a  struc¬ 
ture  analysis  by  electron  diffraction.  These  results  were  compared 
to  the  structure  of  the  fully  polymerized  crystal  which  was  deter¬ 
mined' by  X-ray  analysis.  0r\*i\  v*  •! « •  "  ^  K'-'ifS  s >  i  *:  >»dut 

f  c. ,  ■.!  d  ;  eae  »*  -X-T  A  Cjc  .*  c)  tic  h  v- 1  H* , 

>  K 

INTRODUCTION 

The  solid  state  polymerization  of  diacetylene  monomers,  which  form 
materials  with  interesting  optical  end  electronic  properties,  has 
been  the  subject  of  a  great  deal  of  research  in  the  past  few 
years1’2.  The  unique  characteristic  of  these  polymerizations  is 
that  they  can  result  in  large,  nearly  cefect-free,  single  crystals 
consisting  of  fully  extended  conjugated  backbones*’.  These  polymer 
crystals  are  obtained  J>y  first  crystallizing  the  monomer  and  then 
exposing  the  crystals  to  high  energy  irractaticn  (y-rays,  ultra¬ 
violet)  or  thermal  annealing  in  order  to  initiate  polymerization. 

The  propagation  occurs  by  way  of  a  1,4  addition  reaction  in  the 
crystalline  phase.  The  general  diacetylene  reaction  is  shown  in 
Figure  1  and  illustrates  the  two  mesmeric  structures  of  the 


R.P.  GRASSO,  M.K.  THAKB?.,  AND  J.B.  LANDO 


MONOMER 


ACETYLENIC  COMULENIC 
POLYMER  POLYMER 


Figure  1.  Generalized  diacetylene  reaction  scheme, 
polymer  backbone.  The  acetylenic  form  is  energetically  more  stable 
and  as  a  result  is  observed  more  frequently4.  However,  the  cUmulenie 
form  is  observed  in  some  cases  where  it  is  favored  by  the  nature  or 
packing  of  the  side  groups5. 

The  polymerization  of  the  diacetylene  monomers  -f  (C^n  "  c  B 
C  -  C  *  C (n  «  5,6,8)  has  been  reported  earlier5"*.  These  macro¬ 
monomers  were  synthesized  by  a  modified  Glaser  coupling  reaction1’*’10 
performed  on  the  appropriate  a,w  diyne  starting  material.  The  work 
presented  here  will  describe  the  synthesis  and  polymerization  of  the 
polyfunctional  diacetylene  material: 


HC  =  C  (CE2)8  C  «  C  -  C  ■  C  (CB^g  C  *  CH  (1) 

In  addition  to  the  central  diacetylene  unit,  the  polymeriza¬ 
tion  of  the  terminal  acetylene  groups  will  be  studied  utilizing 
comparative  structural  analysis. 

SYNTHESIS  OF  DIACETYLENE 

The  diacetylene  monomer  Ec.  (1)  for  this  study  was  originally  pre¬ 
pared  by  controlling  the  kinetics  of  the  Glaser  coupling  reaction  of 
1 , 1 1-dodecadiyne1 1 .  Originally,  it  was  incorrectly  believed  that  the 
oligomeric  impurities  present  in  the  product  mixture  were  negligible 
in  quantity  relative  to  the  desired  cimer  material.  This  assumption 
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was  based  on  the  gel  permeation  chromatography  (GPC) results  shown 


Figure  2.  Gel  permeation  chromatography  trace  of  the  oligomeric 
product  mixture  obtained  from  coupling  1 , 11-dodecadiyne.  Ortho- 
di chlorobenzene  (ODB)  is  used  as  a  standard. 

in  Figure  2.  Peak  area  was  used  as  a  relative  means  of  estimating 
composition.  However,  since  the  dimer  tends  to  remain  dissolved  in 
the  monomer  present,  and  since  the  isolation  of  the  dimer  from  the 
oligomers  is  difficult  due  to  similarities  in  physical  constants, 
the  crystallization  of  the  diacetylene  dicer  was  very  difficult12. 

In  order  to  overcome  these  problems,  ve  developed  a  direct 
synthesis  of  the  dimer1 8  which  would  yield  no  oligomeric  impurities. 
This  synthesis  is  shown  in  Scheme  1.  The  scheme  still  makes  use  of 

the  modified  Glaser  reaction;  but,  it  addition,  a  protective  dibromo 

'  24- 

group  was  utilized.  T)nce  the  material  was  coupled  using  the  Cu  / 

pyridine  catalyst,  the  terminal  grouts  were  dehydrobrominated  to 

form  the  acetylenic  groups.  Changes  in  functional  groups  were 

monitored  using  IP  and  NMR  analyses.  A  GPC  chromatogram  of  the 

cultistep  product  (Figure  3)  shows  that  diacetylene  product  is  not 

contaminated  with  oligomeric  impurities. 
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Br(CH()a8r  Mp  ■  *th  -f->  BrUgCCH^MpBr  -  *  BrCH,CHsCH, 


.  HaC*CH(CH,)4CH=CH# - — 1 - — > 

TBAH,  NaOH  m  . _ %  Br, 

- »  hjc-ch(chj)4c^:h  — * 


Cu**.  pyrtdina 


TBAH.  NaOH 


HtC«CH(CH.),CH-CH, 

l  l  1 

Br  Br 

*  CHjCH(CKt)(CaCH 
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Br  Br 


(CHa),CHCH, 
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H  C«C  ( C  H  a  ),C*C-CSC  ( CHa  )  ,  CSC  H 


Scheme  1.  Multistep  synthetic  pathway  used  tc  obtain  the 
dimer . 


•  •  i 


EurriOM  volume  <w> 


Figure  3.  Gel  permeation  chrctatcgraphy  trace  of  the  product 
mixture  obtained. from  the  cultistep  synthetic  pathway. 


UNPOLYMSRI ZED  DIACETYLEKE  STRPCTEaS 

Microscopic  single  crystals  of  the  cimer  were  obtained  from  a  dilute 
hexane  solution  at  4*C.  Electron  diffraction  patterns  from  these 
crystals  were  recorded  at  various  orientations  in  order  to  determine 
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the  unit  cell  constants.  A  photograph  cf  the  b*c*  lattice  net  is 
shown  in  Figure  4.  The  unit  cell  constants  were  calculated  using 


Figure  4.  Electron  diffraction  photograph  of  the  6*c*  lattice 
net.  Observed  and  absent  reflections  are  schematized. 

platinum  as  a  standard.  It  should  be  mentioned  that  the  dimer's 

monoclinic  unit  cell,  space  group  P  2^/b,  has  the  a- axis  as  its. 

unique  axis.  As  a  result,  the  diacetvlene  and  acetylene  polymer 

backbones  will  be  oriented  along  the  c-axis.  Unit  cell  data  on  the 

a*-axis  were  obtained  by  tilting  the  ciraer  crystal  in  the  electron 

beam.  However,  the  intensities  of  reflections  in  the  a*  nets  were 

not  acceptable  for  the  structure  analysis.  Dynamic  scattering 

o 

effects  were  ignored  since  the  crystals  were  less  than  300  A  and 
composed  of  low  mass  atoms  (carbon  and  hydrogen) .  It  . 
should  be  noted  that  the  nonortho gonal  axes  b  and  c  and  the  angle  y 
are  changed  from  those  reported  earlier*1  for  convience  in  the  struc¬ 
ture  determination. 

The  structure  of  the  unpolynerizec  material  was  solved  essen¬ 
tially  by  a  trial  method.  ■  Information  derived  from  the  structure  of 
the  polymerized  material,  which  was  solved  earlier  by  this  group*1, 
was  helpful  in  the  initial  steps  of  refinement.  Since  we  obtained 
only  19  unique  reflections,  the  structure  refinement  was  carried  out 
using  the  linked  atom  least-squares  (1ALS)  program  originally 
developed  by  Arnott  and  co-workers*1’.  The  linked  atom  description 
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of  the  molecule  defines  interatcric  relationships  in  terms  of  bond 
lengths,  bond  angles  and  dihedral  angles.  The  LALS  program  applies 
various  geometrical  restraints  cn  the  molecule  and  can  then  refine 
only  conformational  parameters.  This  greatly  increases  the  ratio  of 
data  to  parameters  refined  and  thereby,  allows  a  structure  analysis 
to  be  reliably  undertaken.  The  agreement  between  the  observed  and 
the  calculated  structure  factors  was  characterized  by  the  reliability 
index  or  residual: 

X| 'V  -  'Vi 

R  -  - 

i|f 

1  o 

Density  calculations  were  used  tc  determine  that  there  are  2 
molecules  per  unit  cell  (4  assymetric  units).  This  offers  four 
possibilities  for  the  locations  of  the  molecules  within  the  unit 
cell.  Each  of  these  cases  was  refined  using  LALS  and  it  was  found 
that  on  the  basis  of  both  interatomic  contacts  and  the  structure 
factor  Tesidual,  the  two  molecules  stculd  be  centered  at  the  frac¬ 
tional  coordinates  0,0,0  and  1/2,1 /2,0. 

The  LALS  program  was  then  used  to  refine  the  Eulerian  angles 
which  define  the  relative  orientation  of  the  molecule  with  respect  to 
the  unit  cell.  Several  conformational  parameters  which  would  bring 
about  a  minimum  in  both  the  potential  energy  and  structure  factor 
residual  were  also  varied.  The  diacetylene  molecule,  omitting  hydro¬ 
gens  for  clarity,  is  shown  below: 


from  standard  tables  and  model  compounds  •  The  confcmationa.  pa. am' 
eters  that  were  varied  include  the  bend  angles  10  (  *  15)  and 
3  (  ■  22),  and  the  dihedral  angles  a'::ut  carbons  S-iC'(  *  15-:6)  and 
3-4 (  •  21-22).  The  minimum  residual  obtained  from  this  refinement 
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was  8%. 

The  following  changes  were  obser.-ed  in  the  refined  structure. 
Bond  angles  10  and  15,  which  were  initialized  at  112.5°,  increased 
12.2  to  124.7°.  This  w'as  expected  since  this  angle  would  initially 

3 

be  larger  than  the  standard  sp  carbco  bond  angle.  The  dihedral 
angle  around  carbons  9-10  (identical  by  symmetry  to  the  one  between 
carbons  15-16)  was  found  to  change  4.2°  from-its  original  180° 
setting.  This  was  determined  to  be  a  significant  modification 
through  the  use  of  Hamilton  statistics15.  The  bond  angles  3  and  22 
as  well  as  the  dihedral  angles  arounc  carbons  3-4  and  21-22  were 
allowed  to  vary  but  no  significant  change  was  observed.  Finally, 
the  relative  orientation  of  the  molecule,  which  is  determined  by  the 
Eulerian  angles,  can  be  visualized  in  the  a.b  and  be  projections. 
These  are  shown  in  Figures  5  and  6  respectively.  It  should  be  noted 
here  that  the  methylene  chains  are  7.0°  from  their  original  posi¬ 
tions,  which  were  parallel  to  the  C.-asLs. 


Figure  5.  The  cJb  projection  of  unpolymerized  dimer  structure. 
Only  carbon  atoms  are  shown  for  clarity. 


c 


Figure  6.  The  be  projection  cf  ur.pnlyaerizec  dimer  structure. 
Hvdrogens  have  been  omitted  fcr  clarity. 


R.P.  GRASSO,  M.K.  THAKUR,  AND  J.B.  LANDO 
.POLYMERIZED  PI  ACETYLENE  STRUCTURE 

A  large  place-like  polymerized  crystal  of  the  dimer  was  selected  for 

the  X-ray  structure  analysis,  which  was  reported  earlier11.  The 

final  structure  is  composed  of  sheets  of  two-dimensional  networks 

of  polydiacetylene  and  polyacetylene  chains  interconnected  by  eight 

methylene  units.  There  are  two  of  these  sheets  per  unit  cell.  If 

we  designate  the  origin  of  one  sheet  to  be  at  a  corner  (fractional 

coordinates  0,0,0),  then  the  origin  of  the  second  sheet  would  be  at 

the  fractional  coordinates:  1/2, 1/2,0.  A  portion  of  one  of  these 

sheets  can  be  visualized  in  the  ac  section  shown  in  Figure  7.  The 

o 

interplanar  spacing  between  these  sheets  is  approximately  A  A. 


Figure  7.  The  clc  section  of  the  polynerized  dimer  structure. 
The  carbons  in  one  assymetric  unit  are  numbered  and  acetylenic 
hydrogens  have  been  omitted. 


P0LYMERI2ATI0N  MECHANISM 

By  comparing  the  structures  of  the  unpolymerized  and  polymerized 
dimer  material  (see  Figure  8)  as  well  as  applying  the  principle  of 
least  motion16’17,  we  can  rationalize  the  mechanism  of  polymeriza¬ 
tion  in  the  following  manner.  First,  the  diacetylene  rod  must  til 


a  *  28.25  A  «  «  100. 6’ 

£  «  26.78  A 

I  *  l 

19.6 

b  *  8.50 

k  *  8.2  5 

C  «  5.24 

C  «  4.91 

^  e  0.866 

'-o 

rt 

1.134 

Figure.  8.  Space  group  anc 
unpolymerized  dimer  and,  b) 

unit  cell  parameters  for 
the  polymerized  dimer. 

a) 
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by  an  angle  of  about  60°  and  is  simultaneously  translated  by  0 
along  the  c-axis.  This  is  in  accordance  with  the  translations 
direction  invariant  notion  as  is  described  by  Baughman1 e.  Sec 
the  two  aethylene  chains  swing  7°  so  as  to  bring  the  terminal 
acetylenic  groups  into  position  so  that  they  can  react  to  form 
polvacetylene  chains.  We  cannot  be  certain  whether  this  secon 
step  occurs  before,  during  or  after  the  diacetylene  polymeriza 
However,  it  is  unlikely  that  it  occurs  before,  due  to  the  fact 
the  least  motion  principle  does  not  favor  the  acetylene  polyme 
tion  to  be  the  initial  one.  Furthermore,  if  the  acetylene  pol 
zation  occurs  after  the  diacetylene  reaction,  then  the  latter  : 
be  very  difficult  to  induce.  This  can  be  estimated  by  Baughma: 
root-mean-square  displacement  (RMSD)  parameter.  Judging  by  thi 
ease  of  polymerization,  a  concerted  mechanism  seems  to  be  the  l 
likely  candidate.  Finally,  the  resulting  two-dimensional  netvi 
can  then  slide  along  each  other  into  a  van  der  Waals  potential 
in  order  to  minimize  the  potential  energy  of  the  structure. 


CONDUCTING  PROPERTIES 


Conductivity  measurements  were  carried  out  using  a  digital  ele 
eter  with  a  range  of  10  ^  to  10  ^  amp  as  the  current  source  a: 
digital  Keithley  multimfeter  to  measure  the  voltage.  The  condu 
was  found  to  decrease  with  decreasing  temperature.  At  room  tei 
ture,  a  two-point  resistivity  measurement  carried  out  on  a  sin 

crystal  of  the  polymerized  diner  yielded  a  conductivity  calcul 

-2-1-1 

of  at  least  10  T<  cm  along  the  chain  direction**.  This 

_8  - 1  - 

measurement  should  be  compared  to  values  of  about  1C  f«  cm 

'  '  -4-1-1 

is  typical  of  most  other  pclydiacemylenes  and  10  f.  cm  fo 

trar.s-pcly  acetylene. 

Since  the  electrical  properties  of  a  crystalline  material 
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diner  is  composed  of  sheets  of  altertat i.ng  polyacetylene  and  poly- 

ciacetylene  chains.  These  sheets  are  staggered  by  a/2  and  as  a 

result,,  polyacetylene  and  polydiacetylene  chains  are  only  about 
o 

A  apart  along  the  b  direction.  One  ertplanaticn,  given  earlier  by 
this  group  to  rationalize  these  unique  electrical  properties,  was 
based  on  the  overlap  and  coupling  of  r  electron  orbitals  between 
interchain  atoms. 

A  more  recent  explanation  suggests  the  possibility  of  self 
doping.  This  is  based  on  partial  charge  calculations  and  theoretical 
band  structures  which  appear  to  agree  with  the  spectroscopic  data19. 
Thus  the  assignment  of  several  peaks  in  the  absorption  spectrum 
correspond  to  gaps  in  the  band  structure  of  the  polymerized  dimer 
(see  figure  9) . 


OPTICAL  SPECTRUM  OP  POLYDIACETYLENE  DIMER  (PDO) 


EHtMOr  bn 


Figure  5.  Absorption  spectrim  cf  the  polyn erizec  dimer 
obtained  from  a  Nicolet  FTIR  (leir^  and  a  Cary  l!V /visible 
spectrometer  (right).. 

Finally,  a  study  of  the  temperature  dependence  of  resistivity 
vas  carried  out  and  a  linear  relaticmship  between  the  two  (log  p 
vs.  1/T)  enabled  the  activation  energy  to  be  determined.  The  cal¬ 
culated  value  of  ^0.18eV1:  is  to  be  cc-mpared  with  the  infrared 
spectra  and  theoretical  value  of  the  band  gap  which  is  approxicately 
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0.40  eV19. 
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